Superhydrophobic surfaces are surfaces with fluid contact angles larger than 150º. Superhydrophobicity can be achieved by chemically modifying the surface or introducing texturing which increases the real or effective area of the surface. In this work we focus on the latter approach. If the texturing leads to a Cassie nonwetting state, the surface can also exhibit drag reduction characteristics. Thus, for the same energy input drag reducing surfaces lead to higher flow velocities or, conversely, in order to achieve the same flow rates and velocities, drag reducing surfaces require less energy input.
surface topographies. Two different types of silicon substrates were used: one with flat plane topography and one with a micropillar array. The substrates were irreversibly bonded to PDMS (polydimethylsiloxane; Dow Corning) microfluidic channel replicas and were silanized to further enhance hydrophobicity. Flow was induced using a constant pressure source and the flow rate was measured using a high-precision scale. As expected, the experimental results deviated somewhat from the expected theoretical model due to the presence of the micropillar obstruction in the air layer. It was also observed that there was a certain 'pillar-tochannel height' ratio that minimized the pressure drop for a given flow rate.
INTRODUCTION
Friction and drag reduction has been an area of extensive research over the years. The topic of superhydrophobicity has been receiving a fair amount of attention recently as a means of achieving this goal. Furthermore, applications of superhydrophobic surfaces are not limited to friction and drag reduction, but may be extended to applications ranging from frost prevention on aircraft flight surfaces to self cleaning features on solar energy panels.
Superhydrophobicity is mainly achieved by modifying the surface chemically or geometrically. With the development of MEMS technology, many researchers have shifted their interests from chemically modifying the surfaces to directly controlling the surface topography itself. To study superhydrophobic effects, with the lithographic approach, it became possible to attain highly regular roughness patterns, thus making it possible to specify roughness geometry and dimensions. Moreover, studies have shown that chemically treating the rough superhydrophobic surface increases the water-to-surface contact angle [1] .
Two models are used to represent the wetting behavior of a textured surface: the Wenzel [2] and the Cassie-Baxter [3] state. The Wenzel model introduces surface roughness into the Young equation, thus acting as an amplifying effect to the contact angle formed when a droplet is resting on the surface. The Cassie-Baxter model involves a surface which cannot be completely wetted, and air pockets exist under the water droplet. The Cassie state model is characterized by a low contact angle hysteresis, thus contributing to friction and drag reduction [4] .
Previous work has shown that superhydrophobic surfaces lead to a significant friction reduction in duct flows [5] . Thus, attempts to decrease the liquidsolid contact area ratio have been made in order to achieve additional friction reduction effects [6] . In light of these works, a complementary approach is introduced to determine the optimum drag reduction conditions. As a first step in this model development, the microarray surface was idealized as an air layer and an optimum 'surface to air' ratio is derived leading to a maximum reduction in the channel pressure. To validate the theoretical model, pressure drop tests were performed on microfluidic channels bonded to a number of microarray substrates with different pillar heights. These results were compared with the theoretical values and used as a baseline to further modify the micropillar dimensions. 
NOMENCLATURE

THEORETICAL MODEL
Stratified Two-Phase Flow Model
A stratified two-phase fluid flow model was used to approximate the slip flow condition experienced by the liquid in the air pockets regions of the textured surface. This model includes the following assumptions in the development and solution of the Navier-Stokes equations: 1) The flow, for both fluids, is incompressible and fully developed, 2) the flow is modeled as that between two infinite parallel flat plates (valid if the width is at least ten times larger than the height of the channel), 3) no-slip boundary conditions applied to the top and bottom surfaces of the flat plates, 4) the shear stresses and velocities of the two fluids at the interface are identical. On the basis of these assumptions, the Navier-Stokes equations are reduced to Eq. (1) for the water flow portion and Eq. (2) for the air flow portion in the two phase flow.
where µ is the dynamic viscosity of the fluid, (-dP/dx) is the pressure gradient, D is the height of the channel when there is no air, h w is the thickness of the water layer in the two phase flow, and u 0 is the slip velocity. Figure 1 shows an outline of the channel flow with boundary conditions. 
where τ water is the shear stress of water flow, τ air is the shear stress of the air flow, and h a is the thickness of the air layer. Since the shear stresses at the interface must be the same (τ water =τ air ), the above two equations are equated to obtain an expression for the interface velocity, Eq.
This interface velocity is the "effective slip" velocity from the point of view of the liquid flow and is a function of the pressure drop, the thicknesses of the water and the air layer, and the corresponding viscosities.
Non-dimensional Liquid Flow Rate vs. Nondimensional Air Layer Thickness
Fluid flow rate is determined from 
Eq. (6) can be non-dimensionalized to obtain Eq. (7), Eq. (6) 
where μ is the ratio of viscosity of water to viscosity of air, and air h is the nondimensionalized thickness of air layer to the total channel thickness. It can be seen from Eq. (7) that the pressure effects are included in the non-dimensional liquid flow rate, so that these effects are only a function of the dimensionless height of the air layer and the ratio of the two viscosities. A graphical representation of Eq. 
Pressure Drop Ratio
In order to estimate the friction reduction characteristics of the air layer introduction, the rops for the two-phase and single phase conditions must be estimated. Solving Eq. (7) for the "effective slip" case (i.e., presence of an air layer) it is found that 
This ratio was evaluated under identical flow rate conditions and for a non-dimensional air layer thickness of 7% (optimum value according to Figure 2 ) for the "effective slip" flow case, and using properties for water and air at room temperature. Under these conditions it is found that ΔP slip = 0.284ΔP no slip , which corresponds to an astounding friction reduction of 72%. This is of course an over idealized situation where the bottom part of the channel consists only of an air layer and the effects of the pillars have been neglected. However, this simple analysis helps to show the possibilities of a well designed surface texturing that minimizes microstructure surface interactions and maximizes the air pocket coverage area.
Microarray Design
To maximize the air pocket coverage area a microarray can be designed while maintaining the It is desirable to increase the pillar height in order to have a roughness factor larger than the critical r c value. Our current micro pillar dimension is 15µm × 15µm (width × diameter) and the corresponding critical roughness is 3.53. The required height of the pillar is calculated to be 32µm. Water droplets resting on pillars lower than this critical value will be under a metastable state, a state where transition from Cassie to Wenzel wetting may occur. Currently, pillar thicknesses of 0µm, 31µm, 45µm, 54µm and 59µm were used.
EXPERIMENTAL SETUP
Fabrication of the Microarray Substrate
The microarray substrate was fabricated by photolithography. Omnicoat (Microchem) was spincoated and cured on a bare silicon wafer to allow easy removal of the sacrificial photoresist layer. Micro features were patterned using a Su-8 2015 (Microchem) negative photoresist on the same wafer under standard photolithographic procedures. The entire wafer was then etched using the standard Bosch process with a deep reactive-ion etching tool (Oxford). The residue Su-8 layer was removed by immersing it overnight in a hot PG Remover (Microchem) bath. The thickness of the silicon microarray pattern was measured using a profilometer (Veeco) to confirm the pillar thickness. Once the profiles of the microarrays were checked, the samples were cut into separate samples using a dicing machine.
The microfluidic component of the device was fabricated by soft lithography. A separate Su-8 pattern was fabricated for the microfluidic channel compartment. A bare wafer was coated with Su-8 2050 (Microchem) and a negative mold for the PDMS microfluidic channel was fabricated through standard photolithographic procedures. The Su-8 mold was hard baked in order to improve rigidity and adhesiveness of the cured photoresist to the silicon substrate. The wafer was then silanized (UCT specialties, LLC) for at least an hour in a vacuum desiccator to fluorinate the Su-8 mold. A PDMS base and solvent (Dow Corning) mixture, mixed at a volume ratio of 10:1, was poured on the silanized Su-8 mold. The entire wafer was cured at 65°C for 2 hours.
The cured PDMS microfluidic channel replicas were peeled off from the wafer and bonded to the silicon microarray substrates. Both PDMS slabs and silicon substrates were treated with oxygen plasma (Harrick Plasma) at 29Watts for 30 seconds. A schematic on the fabrication steps is shown in Figure  3 .
Once the bonding was complete, the microfluidic channels were treated with a water repellant solution (Revivex). The treated samples were then baked overnight on a hot plate at 120°C.
Fig. 3 Fabrications steps for a microarray channel
Pressure-flow rate measurement setup
A water reservoir with variable liquid column height was used as a constant pressure source. The outlet of the water column device was connected to a microfluidic channel device to induce flow through the microchannel. By controlling the height of the water column, constant pressure conditions ranging from 400Pa to 800Pa at intervals of 100Pa were tested.
In order to measure the flow rate, the outlet of the microfluidic channel was connected to a water reservoir placed on a high precision scale. As flow was introduced into the microfluidic channel, the scale measured the mass change of the water reservoir. The corresponding data was recorded by LabVIEW.
Various microfluidic channel samples with different microarray thicknesses were used in the flow rate measurement: air h = 0% (bare silicon sample), 16.5%, 21.1%, and 25.5%. 
RESULT
Pressure drop measurements
The theoretical pressure drop versus flow rate graph for flow between two infinite parallel plates is shown in Figure 5 . Minor pressure drop effects due to the presence of the tubing and connections have been neglected since they represent a minor percentage of the total pressure drop in the system. Figure 6 shows the flow rate versus applied pressure in microfluidic channels under different pillar height configurations ( air h The flow rate for air h = 25.5% did not differ much from the flat surface ( air h = 0%) in 800Pa and 1,000Pa, but was lower than the flat surface in 1,200Pa. The graph suggests that the existence of an air layer tends to improve the flow rate under a given pressure input, which implies a friction reduction. However, this relation did not hold for air h = 25.5%. According to Figure 2 , the flow rate should increase with air h , but start decreasing once air h is greater than approximately 50% of the entire channel. However, there is a large discrepancy where the flow rate starts to drop between the theoretical model and the experimental results. More investigation is required in order to clarify this relation. this trend becomes more prominent when the pressure is higher. It should be noted that the flow rate does not increase as drastically as indicated in Figure 2 . There are a few possibilities for this discrepancy: 1) In actual experiments there are micro-pillars obstructing the airflow, whereas in our theoretical model, we assumed away any obstructions in the air layer, 2) the maximum flow rate may not yet have been found through the current experiment: a larger range of air h is required to confirm the theoretical model.
